Photodissociation of the propargyl bromide molecular ion has been investigated using mass-analyzed ion kinetic energy spectrometry ͑MIKES͒. The MIKE spectra for the bromine loss has been measured as a function of the laser polarization angle at 357, 488.0, 514.5, and 607.5 nm. A convenient analytic method to treat the MIKE profile has been developed and the anisotropy parameters and kinetic energy release distributions ͑KERDs͒ have been determined by analyzing the experimental data. At all the wavelengths used, an anisotropic dissociation in the repulsive excited electronic state͑s͒ has been observed. In addition, the statistical dissociation in the ground electronic state has been observed at 357 and 607.5 nm. Results from quantum chemical calculations carried out at the TDDFT/UB3LYP level using the 6-311ϩϩG** basis set will be discussed in relation to the nature of the repulsive excited electronic state involved.
I. INTRODUCTION
Photodissociation ͑PD͒ dynamics of halogenated aliphatic hydrocarbons have been studied extensively over the years. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Various experimental and theoretical methods have been used to investigate the nature of the photoexcited states and their role in the dissociation dynamics. In the case of the halogen loss from CH 3 X ͑XϭI, Br, or Cl͒, dissociation is thought to occur directly in the repulsive n* electronic state reached by photoabsorption or via curve crossing to another repulsive electronic state. [1] [2] [3] [4] [5] [6] [7] It is more difficult to characterize the excited states involved in the photodissociation of halogen compounds with unsaturated hydrocarbon due to the presence of orbitals. According to recent studies on these molecules, a * or * state may also play an important role. [7] [8] [9] [10] [11] [12] In addition to the dissociations in the repulsive electronic states, statistical dissociations in the ground electronic states which occur after the internal conversion or intersystem crossing have been observed for several molecular systems. 8, 11 PD studies on propargyl halides ͑CHϵCCH 2 X, XϭBr and Cl͒ have been carried out recently, 7, 8 which are the neutral counterparts of the ionic system investigated in this work. Kawasaki et al. 7 measured the product kinetic energy release distributions ͑KERDs͒ in the photodissociation. In a more recent study by Lee and Lin, 8 the anisotropy parameters were determined as well as the KERDs. The repulsive dissociation to C 3 H 3 ϩBr from propargyl bromide was observed at 248 and 193 nm. In addition, a slow channel occurring statistically in the ground electronic state was observed at the latter wavelength. For the chlorine loss of propargyl chloride, only the repulsive channel was observed at 193 nm. Referring to the results of the emission spectroscopy and ab initio molecular orbital ͑MO͒ calculation by Browning et al., 9 it was postulated that the excitation involves a state of mixed *, n*, and * character.
Compared to the neutral halogenated aliphatic hydrocarbons, photodissociation studies on their molecular ions have been limited, [14] [15] [16] [17] [18] one of the reasons being the usual difficulty in handling the ionic systems. Photophysics for the ionic systems is more complicated than for the neutrals because the electronic transitions between occupied orbitals are also possible. The systems investigated include some methyl 15 and ethyl 17 halides for which the halogen losses were found to occur in the repulsive electronic states by measurements of the anisotropy parameter and kinetic energy release ͑KER͒. Cases for the photodissociation study of the unsaturated halogenated aliphatic hydrocarbons are very rare. 16, 18 For example, Krailler and Russell 18 observed the photodissociation of propargyl bromide and chloride ions and suggested that the halogen losses occur in the repulsive electronic states. Their suggestion was based on the observation that the photodissociation occurred at the wavelength which was not compatible with the photoelectron spectrum.
Previously we reported the dissociation dynamics of the propargyl bromide ion occurring in the ground electronic state: According to the previous photoelectron-photoion coincidence spectrometric study, 20 the production of propargyl ion was more favorable than that of cyclopropenium ion at and above the threshold and the rate constant was larger than could be determined by the technique even at the threshold (10 7 s Ϫ1 or larger͒. Regardless, the reaction was observed by the metastable ion decomposition technique which detects reactions occurring a few tens of microseconds after the formation of the molecular ion. Also, the substantial kinetic energy release observed indicated that the reaction produces the cyclopropenium ion predominantly. The quantum chemi-cal calculation of the potential energy along the reaction path and the Rice-Ramsperger-Kassel-Marcus ͑RRKM͒ 21 calculation of the rate constant showed that this reaction proceeds below the threshold via quantum mechanical tunneling. With the ground state dissociation well understood, we intend in this work to study the dynamics of the same reaction induced by photoabsorption using the mass-analyzed ion kinetic energy spectrometry ͑MIKES͒. 22 The photofragment ion signal has been measured as a function of the laser polarization angle at the photon energies of 2.04-3.47 eV. The anisotropy parameters and KERDs have been determined by analyzing these data. An algorithm utilizing the analytic peak shape function with correction for the instrumental discrimination has been developed for this purpose. Quantum chemical calculations have been carried out to gain information on the nature of the photoexcited states.
II. EXPERIMENT
A double focusing mass spectrometer with reversed geometry ͑VG Analytical ZAB-E͒ modified for photodissociation study was used in this work ͑Fig. 1͒. Details of the modifications made were reported previously. 23, 24 The propargyl bromide ions generated by 70 eV electron ionization in the source maintained at 180°C were accelerated to 8 keV and mass-analyzed by the magnetic sector. Then, the molecular ion beam was crossed perpendicularly with a laser beam inside an electrode assembly ͑see the inset in Fig. 1͒ located near the intermediate focal point of the instrument. The 607.5 nm output of a dye laser ͑Spectra Physics 375B͒, the 514.5 and 488.0 nm lines of a Spectra Physics 164-09 argon ion laser, and the UV-multiple lines with mean wavelength of 357 nm of a Spectra-Physics BeamLok 2065-7S argon ion laser were used for the photodissociation of the molecular ions. To measure the polarization dependence of photodissociation, the laser polarization was rotated using a polarization rotator/rochon polarizer assembly. The translational kinetic energy of product ions was analyzed by the electric sector. Recording the kinetic energy of product ions generated by the dissociation of mass-analyzed precursor ions is called the mass-analyzed ion kinetic energy spectrometry ͑MIKES͒. 22 A MIKE spectrum for PD, or a PD-MIKE spectrum, is often contaminated by contributions from the same reactions occurring unimolecularly ͑metastable ion decomposition͒ or by collision of the precursor ions with the residual gas. Hence, phase-sensitive detection was adopted to record a MIKE spectrum originating only from PD.
To improve the quality of PD-MIKE spectra, signal averaging was carried out for repetitive scans. Errors quoted in this work were estimated from several duplicate experiments at 95% confidence limit
III. DATA ANALYSIS
The angular distribution of photodissociation is generally given by 25 I͑⌰ ͒ϭ
Here ⌰ is the angle between the electric vector of the light and the product recoil direction and P 2 (cos ⌰) is the seconddegree Legendre polynomial in cos ⌰. ␤ is the anisotropy parameter which ranges from Ϫ1 to ϩ2 and characterizes the degree of dissociation anisotropy. ␤ϭ0 corresponds to an isotropic distribution. The methods to extract the KERD, n(T), and the anisotropy parameter, ␤ or ␤(T), from PD-MIKE peaks were reported previously by Bowers and co-workers 26, 27 and Stace and co-workers. 28 The method used in this work utilizes the analytic MIKE peak shape function 29 developed previously which takes into account the instrumental discrimination. The normalized MIKE peak shape for anisotropic photodissociation when the laser electric vector E makes an angle with the ion beam direction is derived in the Appendix:
Here, T is the kinetic energy release, h is the analytic peak shape for an anisotropic dissociation with a single value of kinetic energy release, and N is the normalization constant. When the kinetic energy release is divided into p intervals and q data points on an experimental MIKE profile are taken, the above becomes q simultaneous linear equations for 2p variables. With the MIKE profiles obtained at several (r) polarization angles, n(T) and ␤(T) can be determined when qrу2 p. The actual data analysis was proceeded as follows. By solving Eq. ͑3͒ for the raw experimental data obtained at several polarization angles, the initial guesses for n(T) and ␤(T) were obtained and N 's were evaluated using the formulas in the Appendix. Then, Eq. ͑3͒ was solved again with the normalized peak shapes to obtain the improved n(T), ␤(T), and N 's. The process was repeated until selfconsistent results were obtained. 
IV. RESULTS
In the PD-MIKE spectra of the propargyl bromide ions recorded at all the wavelengths ͑357, 488.0, 514.5, and 607.5 nm͒, the Br loss ͑reaction 1͒ was the only dissociation channel. The PD yields at 488.0 and 514.5 nm were comparable while the yields at 607.5 and 357 nm were roughly 1/5 and 1/20, respectively, of the yield at 488.0 nm. A rough estimate of the PD cross section was made by comparing with the PD yield of the n-butylbenzene ion measured under the same experimental condition whose PD cross section is available in the literature. 30 This was ϳ1ϫ10 Ϫ17 cm 2 at 488.0 nm, corresponding to a fairly strong dipole-allowed transition. The PD-MIKE spectra were recorded with 2 kV applied to the electrode R2 and the remaining electrodes of the electrode assembly ͑Fig. 1͒ grounded. Namely, the molecular ions were excited in a region where the electric field was present. Then, according to our previous studies, 23, 24 a PD-MIKE signal would tail toward the lower translational energy if the dissociation occurs on the nanosecond or longer time scale. For reaction 1, the PD-MIKE signal appeared symmetric, indicating that the reaction was completed within 1 ns. For a symmetric PD-MIKE signal, recording the profile with the high voltage on enables a complete separation of the PD signal from the background due to the metastable ion decomposition. This often leads to a tremendous improvement in the signal-to-noise ratio.
The PD-MIKE spectra obtained with two different laser polarization angles, ϭ0°and 90°, at all the wavelengths used are shown in Fig. 2 . The MIKE peak profiles change with the polarization, most conspicuously for PDs at 488.0 and 514.5 nm. The PD-MIKE spectra at 488.0 nm were recorded with several different polarization angles and analyzed according to the method described earlier. The PD-MIKE spectra calculated with Eq. ͑3͒ using n(T) and ␤(T) obtained by the data analysis are compared with the experimental spectra in Fig. 3 . Excellent agreement between these spectra indicates a successful peak shape analysis. It is to be mentioned that n(T) and ␤(T) obtained by analyzing several spectra simultaneously were essentially the same as those obtained by analyzing ϭ0°and 90°spectra. Hence, only three spectra (ϭ0°,54.7°,90°) were analyzed simultaneously for photodissociation at other wavelengths. Recalculated spectra at ϭ0°and 90°are compared with the experimental spectra at all the wavelengths used in Fig. 2 .
A. Photodissociation at 488.0 and 514.5 nm n(T)'s and ␤(T)'s obtained from the experimental data at 488.0 and 514.5 nm are shown in Fig. 4 . n(T)'s at the two wavelengths, and ␤(T)'s also, look very similar, except for ␤(T)'s at small T. Even though the fall-off of ␤ near zero T was reported previously, 31 we would not attach any meaning to these results because the associated probability is very low. The average values of T and ␤, ͗T͘ and ͗␤͘, estimated from n(T) and ␤(T) are listed in Table I .
In our previous investigation 19 on the unimolecular dissociation of the propargyl bromide ion near the reaction threshold in the ground electronic state, a large average kinetic energy release (͗T͘ϭ0.53 eV͒ was also observed as in the present photodissociation. However, the shape of n(T) was conspicuously different from those in Fig. 4 , with zero probability at small T (0ϳ0.2 eV͒. The result was interpreted as due to the presence of a large reverse barrier in the formation of cyclopropenium ion. According to the photoelectron-photoion coincidence study of Tsai et al. 20 and the RRKM theory calculation of the dissociation rate constants, 19 production of propargyl ion begins to dominate immediately above the threshold. Hence, one may suppose that the present n(T) looks different from the previous unimolecular data because different mechanistic channels are involved. However, it is well known that for a simple bond cleavage occurring statistically the kinetic energy release is a small fraction of the available energy and has the maximum probability near zero kinetic energy release in contrast with n(T)s in Fig. 4 . Namely, the present n(T) data are not compatible with statistical dissociation in the ground electronic state. Rather, n(T) data and nonzero ␤ suggest that the photodissociation at 488.0 and 514.5 nm occurs on a repulsive surface͑s͒ either directly or via predissociation.
B. Photodissociation at 357 and 607.5 nm
n(T) and ␤(T) for PD at 357 nm are shown in Fig. 5 , both of which look different from those at 488.0 and 514.5 nm. n(T) at 357 nm has the shape of a bimodal KERD, one component having the maximum near the zero energy release and the other at larger energy release. It is often possible to separate a bimodal KERD into components utilizing the surprisal analysis. 32 The surprisal factor I, which represents the extent of deviation of a distribution function from a prior expectation, is defined as follows:
As the prior distribution, n 0 (T), it is usual to take the statistically expected one such as the KERD predicted by the phase space theory ͑PST͒. 33 This can be a reasonable choice in the present analysis also because the small KER component in the bimodal n(T) in Fig. 5 has the maximum near the zero energy release, as are the cases for statistical dissociations. Following the results from the kinetic and quantum chemical studies, 19 the statistically expected component of reaction ͑1͒ has been assumed to occur via a simple bond cleavage to the propargyl ion and Br atom without reverse barrier. The internal energy of the photodissociating propargyl bromide ion has been estimated as follows. The propargyl bromide ions possessing internal energy larger than the experimental critical energy of 0.52 eV 20 ͑the actual value may be larger than this by a few tenths of an eV because the 20 ͒ all dissociate by the time they arrive at the laser-ion beam interaction region. Then, the average internal energy of the surviving C 3 H 3 Br ϩ• ions may be estimated as the half of the critical energy, 0.26 eV. Adding the 357 nm photon energy, the average internal energy of the photodissociating C 3 H 3 Br ϩ• ions becomes 3.73 eV. Or, the energy available for partitioning is 3.21 eV. This assumes that all the available energy is converted to the vibrational energy in the ground electronic state and that dissociation occurs in the ground electronic state. Even though the validity of the above mechanism is debatable, use of the PST-KERD thus obtained would not cause any problem in the present case which uses the surprisal analysis to separate the experimental KERD into components. The PST-KERD 33, 34 was calculated using the following equation:
͑5͒
Here, n(T;J,E) is the KERD at the angular momentum J and the internal energy E. The root-mean-square average J evaluated at the ion source temperature was used. and P are the product vibrational and angular momentum state densities, respectively. R is the product rotational energy and R m is its minimum. E 0 is the reaction critical energy. The molecular parameters used in the calculation are listed in Table  II . The surprisal plot for the experimental KERD obtained using the PST-KERD is shown in Fig. 6 . The fact that the surprisal is near zero at Tϭ0ϳ0.5 eV which corresponds to the small KER component in Fig. 5 indicates that this component is due to the statistical dissociation in the ground electronic state. The experimental KERD has been separated into two components, small (n S (T)) and large (n L (T)) KER components, using the surprisal analysis. The result is shown in Fig. 5 . The small KER component contributes ϳ50% to the total dissociation. It is to be noted that the general shape of the large KER component, which is due to nonstatistical dissociation, looks similar to those at 488.0 and 514.5 nm, the only difference being that the kinetic energy release is larger and broader at 357 nm.
Separating the experimental ␤(T) into two components, ␤ S (T) and ␤ L (T), is difficult without knowledge on the anisotropy of one of the two components. The anisotropy for the statistical component, even if the dissociation occurs fast, would be less than that for the nonstatistical one. Hence, we assumed, as a limiting case, that the statistical dissociation occurs isotropically. Using the KERD for the small KER component, its isotropic peak shape was subtracted from the experimental data, and the remainders were reanalyzed to obtain n L (T) and ␤ L (T). This process was carried out iteratively due to the complication arising from the uncertainty of the normalization factor. The n L (T) thus obtained is the same as that in Fig. 5 within experimental error. The ␤ L (T) is also shown in Fig. 5 , which is larger than the overall ␤ in the small KER region as expected. The average values for T and ␤ are listed in Table I .
n(T) and ␤(T) for PD at 607.5 nm are shown in Fig. 7 . These data have been reanalyzed just as those at 357 nm. The small and large KER components and the ␤ L (T) thus obtained are shown in Fig. 7 . The average values for T and ␤ are listed in Table I also.
V. DISCUSSION
It was found in the previous section that two ͑or more͒ different dissociation channels are involved in the present observation, one a nonstatistical dissociation in the repulsive excited electronic state͑s͒ and the other a statistical dissociation in the ground electronic state: Even though the nonstatistical component was observed at all the wavelengths used, the fact that the signal was the most intense at 488.0 and 514.5 nm means that the vertical transition energy to the repulsive excited state is ϳ2.5 eV.
The only source of information available in the literature on the excited states of the propargyl bromide ion is the photoelectron ͑PE͒ spectrum reported by Botter et al. 35 Six peaks appeared in the PE spectrum with the vertical transition energies of 10.47, 10.66͑0.19͒, 11.05͑0.58͒, 11.24͑0.77͒, 14.19͑3.72͒, and 16.04͑5.57͒ eV, which will be called X, A, B, C, D, and E, respectively. The numbers in the parentheses are the energy differences from the ionic ground state. These are the states formed by removal of an electron from occupied orbitals of the neutral. Assuming that the observed photodissociation is due to transition from the ground state, D is the best candidate for the repulsive state involved based on the vertical energy. The vertical energy for the D ← X transition in the ion is likely to be less than the vertical energy estimated from the PE spectrum because of the difference in equilibrium geometries of ion and neutral. Still, the difference between the two experimental vertical energies, 2.5 vs 3.72 eV, seems to be too large for a comfortable assignment. Here, we will first discuss some of the details of the dissociation processes. Results from our effort to identify the repulsive excited state͑s͒ will be presented thereafter.
A. Structures and states of the photofragments
According to our previous investigation on the dissociation of the propargyl bromide ion in the ground electronic state, any ion which undergoes isomerization dissociates rapidly to the cyclopropenium ion and Br
• . Hence, only those ions retaining the propargyl bromide structure arrive at the laser-ion beam interaction region in the C 3 H 3 Br ϩ• form. Also, the previous experimental and theoretical studies showed that the production of the propargyl ion and Br
• in their ground electronic states dominate at a few tenths of an eV above the reaction threshold ͑0.52 eV above the zeropoint level of C 3 H 3 Br ϩ• ). The same would be the case for the statistical components of photodissociations at 357 and 607.5 nm.
For the photodissociation occurring directly in a repulsive electronic state, it is probable that the product C 3 H 3 ϩ has the propargyl structure. Experimentally determined KERD provides information on the electronic states of the products, especially for the direct dissociation, because the maximum kinetic energy release would correspond to the available energy (E avl ) for the products. For example, the maximum KER in PD at 357 nm is ϳ3 eV in Fig. 5 . Since the average internal energy for the molecular ions undergoing dissociation is 3.73 eV, the endoergicity for the production of the photoproducts from the ground state propargyl bromide ion becomes ϳ0.7 eV. The endoergicities estimated from KERDs at other wavelengths were nearly the same. On the other hand, the endoergicity for the production of the ground state propargyl ion and Br atom would be essentially the critical energy ͑0.52 eV͒ for the ground state reaction, which is comparable to the above estimation. It was reported that the first excited electronic state of propargyl ion is higher than the ground state by more than 1.7 eV. 36 Hence, production of the electronically excited propargyl ion can be ruled out. On the other hand, the excited Br atom ( 2 P 1/2 ) is higher in energy by 0.46 eV than the ground state ( 2 P 3/2 ). 37 Hence, the present data are not adequate to determine the electronic state of the Br product.
B. Kinetic energy release
According to the data summarized in Table I , the average kinetic energy release for the large KER component, which is due to the dissociation from a repulsive excited electronic state, increases steadily with the photon energy. Some insight into the dynamics of dissociation can be gained by comparing the experimental data with the prediction from a few versions of the impulsive model for direct dissociation. In the pure impulsive model proposed by Busch and Wilson 38 which postulates that the available energy (E avl ) is initially partitioned to the kinetic energies of the separating atoms A and B, the kinetic energy release becomes proportional to E avl as follows:
Here AB is the reduced mass of the atoms of the breaking bond and F is the reduced mass of the products. The remainder of the available energy appears as the rotational and vibrational energies of the products. The experimental average kinetic energy release for the large KER component is plotted as a function of the available energy in Fig. 8 . The horizontal bars in the figure represent the error in the estima- tion of the precursor internal energy prior to photoexcitation. A good linear relation is apparent in the figure, which can be expressed as ͗T͘ϭ͑0.50Ϯ0.03͕͒E avl Ϫ͑1.0Ϯ0.26͖͒.
͑8͒
The nonzero intercept in Eq. ͑8͒ shows that the pure impulsive model is not adequate to explain the experimental data. In particular, Eq. ͑8͒ suggests that only some fraction, not all, of E avl is available for partitioning at the time of bond breaking. Mitchell and Simons 39 proposed a model for vibrational excitation in photoproducts based on the change in equilibrium geometry in going from the ground state to the excited state and finally to the products. This concept was incorporated into the impulsive model by Bowers and co-workers:
This equation is in better formal agreement with the experimental result ͓Eq. ͑8͔͒. The slope of the linear relation, AB / F , is 0.40 for the present reaction, which is in good agreement with experimental slope of 0.50. The fact that the experimental data can be explained adequately by the modified impulsive model supports that the dissociation proceeds directly in the repulsive excited state reached by the photoabsorption as postulated earlier. Also, it is suggested that the vibrational excitation of the C 3 H 3 moiety due to the geometry change in going from the molecular ion to the product is important in the present reaction as well as the vibrational and rotational excitations due to the repulsive force between the separating fragments.
C. Repulsive excited electronic state"s…
As mentioned earlier, the vertical energies for the transitions from the ground state ͑X͒ to the excited states ͑A-E͒ appearing in the PE spectrum do not match well with the vertical energy for the photoexcitation responsible for the nonstatistical dissociation. It is possible that the photodissociation involves a transition to an excited state formed by promotion of an electron from an occupied orbital to an unoccupied orbital, which does not appear in the PE spectrum.
Also possible is the transition from one of the low-lying states ͑A, B, etc.͒. Some quantum chemical calculations have been carried out to check such possibilities using the GAUSSIAN 98 41 suite of programs. It has been reported recently that the time-dependent density functional theory ͑TDDFT͒ provides a considerable improvement over the Hartree-Fock based methods such as the single excitation configuration interaction ͑CIS͒ theory in the calculation of the excited state energies. [42] [43] [44] In particular, the improvement was reported to be spectacular for valence state with substantial double excitation character for radicals including radical cations. 43 We carried out CIS calculation at the UHF level and TDDFT calculation at the UB3LYP level using the 6-311ϩϩG** basis set. We found that TDDFT/UB3LYP results were adequate to explain the experimental PES data, while CIS/UHF results were not. Results from the TDDFT/UB3LYP calculation will be compared here with the experimental results.
In the UB3LYP calculation, the highest energy occupied spin-orbital, which may be considered as a part of the highest occupied molecular orbital ͑HOMO͒, has the mixed o /n o character. When arranged roughly in order of decreasing energy, other pairs of occupied spin-orbitals near the HOMO have the main characters of i /n i , i /n i , o /n o , CBr , and CH . Here, i and o designate in-plane and out-of-plane orbitals, respectively. * and CBr * are mixed to form low unoccupied orbitals. The excited states were calculated by TD-DFT and the states with less than 6 eV vertical transition energies from the ionic ground state, numbered 1-12, are listed in order of increasing energy in Table III . The oscillator strength, the angle (⑀) between the dipole moment and C-Br bond axis, and the anisotropy parameter (␤) estimated under the assumption of an instantaneous ''axial'' recoil 45 ␤ϭ2 P 2 ͑ cos ⑀͒ ͑10͒
for the transition from the ground electronic state are listed in the table. Assignments of the states appearing in the PE spectrum are rather straightforward because these are states obtained by removal of an electron from occupied orbitals of the neutral, marked with* in Table III . For the PE peak assignments presented in the table, the experimental and calculated energies are in excellent agreement. An excited state must satisfy several criteria to be an acceptable candidate for the repulsive state responsible for the nonstatistical component of the photodissociation. These are the reasonable magnitudes of the vertical energy and the oscillator strength, a positive ␤ corresponding to a mainly parallel transition, and the repulsive character of the state. A state may be repulsive with respect to the C-Br bond if an electron is removed from CBr or is added to CBr * . Among the excited states assigned to PE peaks, only state 4 ͑D peak͒ satisfies this criterion. It was mentioned earlier that its vertical energy ͑3.72 eV estimated from the PE spectrum͒ is larger than the vertical energy of ϳ2.5 eV observed in the photodissociation. In addition, the oscillator strength is negligible for the D←X transition and ␤ equals Ϫ1, namely a perpendicular transition. Hence, the overall characteristics of this transition are not compatible with the experimental observation for the repulsive photodissociation. All the un- Table III , which are due to promotion of an electron in an occupied orbital͑s͒ to an unoccupied one͑s͒, have the partial CBr * character and are possibly repulsive.
However, vertical energies of all of these states are even higher than the D state. When the criteria of nonnegligible oscillator strength and positive ␤ are adopted, the only candidates become states 10 and 12 which have the vertical energies of 5.70 and 6.00 eV, respectively. Considering the errors quoted for TDDFT calculations of the vertical energies of low-lying excited states reported in the literature, [46] [47] [48] these are too high compared to the vertical energy observed in the photodissociation.
The final possibility for the photoexcitation involved in the repulsive photodissociation is the transition from one of the low-lying excited electronic states. In the previous photoelectron-photoion coincidence study, 20 the critical energy of 0.52 eV was reported for the dissociation of the propargyl bromide ion. Since the thermal internal energy of the precursor was not taken into account in that work, the actual critical energy can be higher than this by a few tenths of an eV. Then, the propargyl bromide ions in states A͑1͒ and B͑2͒, and even C͑3͒ with lesser probability, which are higher than the ground state by 0.19, 0.58, and 0.77 eV, respectively, may survive and arrive at the laser-ion interaction region and undergo photodissociation. To check such a possibility, properties of transitions from these states to upper electronic states have been calculated at the TDDFT/ UB3LYP level. The results for the transitions with vertical energies in the range 1-4 eV are listed in Table IV . The excited states involved have the character either of removal of an electron in CBr ͑4͒ or of addition of an electron to CBr * ͑5-7͒ and can possibly be repulsive. All the transitions from state 3 have very small oscillator strengths and perpendicular character (␤Ͻ0). Hence, these are not good candidates for the repulsive state involved in the photodissociation. The remaining two transitions, 4←1 and 4←2, have parallel character with oscillator strengths much larger than others. The vertical energies of 3.53 and 3.14 eV, respectively, estimated from the experimental PE peak positions are a little bit off from the estimated vertical energy of 2.5 eV for the photodissociation. As mentioned earlier, such differences may arise due to the difference in the equilibrium geometries between the neutral and the molecular ion. It is not possible to judge from the experimental data which of the two transitions is mainly responsible for the repulsive photodissociation, even though 4←2 is more favorable than 4←1 in terms of the vertical transition energy. Since the characters of the two transitions are similar, however, one can conclude that promotion of an electron from CBr to i /n i is responsible for the repulsive photodissociation.
VI. CONCLUSIONS
Photodissociation of the propargyl bromide ion has been investigated at the photon energy of 2.04-3.47 eV. A method to evaluate the anisotropy parameter and the KERD for photodissociation from the angular dependence of the MIKE spectrum has been devised using an analytic expression for a MIKE profile. Dissociation in a repulsive excited electronic state͑s͒, suggested by Krailler and Russell, 18 has a Calculations for transitions from the states 1, 2, and 3 which correspond to PE peaks A, B, and C, respectively. The transition energy is the difference in the vertical energies in Table III between the upper and lower states. b The angle between the transition moment and the C-Br bond axis. c The anisotropy parameter estimated using Eq. ͑10͒.
been confirmed by the experimental anisotropy parameter of 0.7 at all the wavelengths used. Experimental data also indicate that the dissociation proceeds faster than rotation in a repulsive state͑s͒. Analysis of the kinetic energy release using the impulsive model supported the direct dissociation. At 357 and 607.5 nm, additional dissociation channels were observed. These were the statistical dissociation in the ground electronic state after the internal conversion and/or intersystem crossing from the excited state͑s͒. For both channels, C 3 H 3 ϩ was found to be formed in the ground electronic state with the propargyl structure. The quantum chemical calculations were carried out at the TDDFT/UB3LYP level to find low-lying excited electronic states. The results were adequate to assign the photoelectron spectrum reported in the literature. However, the repulsive excited state responsible for the nonstatistical photodissociation could not be positively identified when the initial state for the photoexcitation was confined to the ground electronic state. When transitions from the excited electronic states lying very near the ground state were considered, two transitions, 4←1 and 4←2, were found compatible with the experimental observations. Both of these had the i /n i ← CBr character. For a definite assignment, however, photodissociation experiment for electronic stateselected propargyl bromide ions will be needed.
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APPENDIX: MIKE PEAK SHAPE FOR A PHOTODISSOCIATION

A. Peak shape with a single value of kinetic energy release
The procedure to derive the PD-MIKE peak shape function is basically the same as the one reported by Jarrold, Illies, and Bowers 26 except that the analytic expression for a MIKE peak shape 29 is incorporated at the end of the derivation. Let us first define the laboratory (XY Z) and moleculefixed (xyz) Cartesian coordinate systems used ͑Fig. 9͒. The laboratory X axis lies along the ion-optical axis of the apparatus and Z axis has the direction of the magnetic field of the magnetic sector of the apparatus. The molecule-fixed frame moves along the laboratory X axis. The x, y, and z axes point along the same directions as the X, Y , and Z axes, respectively, in the field-free regions. The laser beam is irradiated along the Z(z) axis and its E vector makes an angle with the X(x) axis. u in the figure is the unit vector along the product recoil direction and and are its polar angles in the molecule-fixed coordinate system. According to Ref. 49 , Eq. ͑2͒ can be converted to the angular distribution in at the polarization angle , (). In the absence of the instrumental discrimination, this has the form ͑ ͒ϭ sin 2 ͓1ϩ␤ P 2 ͑ cos ͒P 2 ͑ cos ͔͒ ͑A1͒
and satisfies the following normalization condition:
Conversion of the angular distribution to the coordinate is important because is related to the laboratory translational energy, K 2 , of m 2 ϩ measured in the MIKE spectrometry of the reaction m 1 ϩ →m 2 ϩ ϩm 3 : 
͑A3͒
Here T is the kinetic energy release ͑KER͒ and K 2 0 is the laboratory translational energy of m 2 ϩ in the absence of KER. (), in turn, can be converted to the MIKE peak shape function, h (K 2 ), as follows: (A6͒ According to our MIKE peak shape theory, 29 Eq. ͑A6͒ is a better approximation than Eq. ͑A5͒ when the higher order effect is considered. As pointed out by Bowers and co-workers, 49 when is set at the magic angle of 54.7°, the peak shape function becomes the same as that for an isotropic distribution regardless of ␤.
Some corrections to the above results are needed when the instrumental discrimination is present. Y discrimination, namely cutting of the ion beam in the Y direction by the slits and apertures in the apparatus, is important only when KER is several eV or larger. Hence, only the Z discrimination will be considered here for m 2 ϩ generated on the X axis. More elaborate treatment including the Y discrimination is also possible. The angle Z at which the Z discrimination begins to set in is determined by the collector slit height h and the distance, d, between the site of dissociation and the collector slit: The agreement was excellent unless KER was excessively large ͑Y discrimination͒. It is to be noted that the peak shape at the magic angle is no longer the same as that for the isotropic dissociation when the discrimination is present because the third term in Eq. ͑A9͒ does not vanish at the magic angle.
B. Peak shape with a distribution of kinetic energy release
Suppose that a dissociation reaction releases a distribution of kinetic energy represented by the probability distribution n(T). Since the anisotropy parameter also depends on T, or ␤ϭ␤(T), the peak shape function ͑basis function͒ for a single kinetic energy release depends parametrically on , T, and ␤(T), or hϭh (K 2 ;T,␤(T)). Then, the overall peak shape, f (K 2 ), can be written as f ͑ K 2 ͒ϭ ͵ n͑T ͒h ͓K 2 ;T,␤͑T ͔͒dT ϭ ͚ j n͑T j ͒h ͓K 2 ;T j ,␤͑T j ͔͒⌬T j . ͑A10͒
When the instrumental discrimination is present, f (K 2 ) is no longer a normalized peak shape. The renormalized form is
͑A12͒
